The middle and C-terminal domain (domain ll/lll) of elongation factor Tu from Thermus thermophilus lacking the GTP/GDP binding domain have been prepared by treating nucleotide-free protein with Staphylococcus aureus V8 protease. The isolated domain ll/lll of EF-Tu has a compact structure and high resistance against tryptic treatment and thermal denaturation. As demonstrated by circular dichroism spectroscopy, the isolated domain ll/lll does not contain any a-hellcal structure. Nucleotide exchange factor, EF-Ts, was found to Interact with domain ll/lll, whereas the binding of amlnoacyl-tRNA, GDP and GTP to this EF-Tu fragment could not be detected.
INTRODUCTION
Elongation factor Tu is a GDP/GTP binding protein. In its GTPform it binds aminoacyl-tRNA and transports it to the programmed A-site of the bacterial ribosome (1) . The rate of GTP hydrolysis and EF-Tu GDP release from the ribosome controls the fidelity of translation (2) . Elongation factor Ts binds to EF-Tu • GDP and facilitates a rapid exchange of GDP for GTP (1) . Thus the functional cycle of the elongation factor Tu resembles that of other guanine-nucleotide binding proteins. The tertiary structure of bacterial EF-Tu was determined by X-ray structural analysis of the protein originating from E.coli (3, 4) . It is composed of three structural domains. Domain I is the GDP/GTP binding domain which is well ordered and resembles the structure of the H-ras oncogene product, p21 (5, 6) . The peptide corresponding to this domain of E.coli EF-Tu was prepared by genetic engeneering (7) . In analogy to p21 it binds guanosine nucleotides and has an intrinsic GTPase activity. Little is known about the structure of the middle domain II and the C-terminal domain in. The structure of these parts of EF-Tu are poorly resolved in the models derived from X-ray structural analysis of the E.coli EF-Tu (3, 4) , probably due to their conformational dynamics. However, this parts of EF-Tu contain the mutational sites for the kirromycin-resistance (8) and are indisposable for the normal function of the protein.
Elongation factor Tu from Thermus thermophilus is more stable than the homologous protein from E.coli (9) . Recently its sequence was determined (10, 11) and the protein itself was used for structural and functional studies (12, 13, 14) . In this work a specific cleavage of this elongation factor in the region joining the domains I and II is described. The peptide containing domains II and HI was isolated and its structural and functional properties were investigated.
MATERIAL AND METHODS

Isolation of domain II/T1I
Nucleotide free EF-Tu (21,000 U/mg) was prepared as described elsewhere (10) . It was then digested with Staphylococcus aureus V8 protease in 50 mM borate pH 7.5, 50 mM KC1, 10 mM MgCl 2 at 37 °C for 24 hours. The molar ratio of EF-Tu to V8 protease was 20 to 1. The solution was ultrafiltrated with a Centricon 10 filter (Amicon, Witten, FRG) and finally purified by gel permeation chromatography on a TSK G3000SW column (Toyo Soda, Tokyo, Japan) run with 50 mM NaH 2 PO 4 , 150 mM NaCl, 0.01% NaN 3 at pH 7.5.
Isolation of EF-Ts EF-Ts was purified from T. thermophilus HB8 using a modified method of Wittinghofer et al. (15) . The anion exchange chromatography, the cation exchange chromatography and the gel permeation chromatography were performed on Q Sepharose Fast Flow (Pharmacia, Uppsala, Sweden), Fractogel EMD SO 3 --650 (M) (Merck, Darmstadt, FRG) and TSK G3000SW, respectively. The activity of EF-Ts was assayed at 0 °C according to ref. (16) and had 1.13-10 6 U/mg protein.
CD Measurements
The circular dichroism measurements were carried out on a Jasco J-500A spectropolarimeter. Thermostated cuvettes with 1-mm path-length were used. The spectra were accumulated 8 times.
Ellipticity is reported as mean residue ellipticity, [0] , and was calibrated with (+)-10-camphersulfonic acid (17) . Concentrations of EF-Tu GDP were determined using a method developed by Ehresmann et al. (18) . Concentration of domain Il/m was determined using the Biorad Microassay (Biorad, Munchen, FRG).
Analysis of the complex formation between EF-Ts and domain
n/ra
The binding assay contained 50 mM Tris/HCl, pH 7.5, 10 mM MgCl 2> 0.5 mM 2-mercaptoethanol, 2.5% glycerol and 10 ftM Phenylmethansulfonylfluorid (PMSF). Concentration of EF-Ts was 15 ^M and the concentration of domain n/III varied from 5 to 150 fiM. After incubation at 4 °C for 20 minutes, complex formation was analyzed with native PAGE using Phastgel Gradient 8-25 (Pharmacia, Uppsala, Sweden).
RESULTS AND DISCUSSION Isolation and characterization of domain
Prolonged V8 protease treatment of T.thermophilus EF-Tu apoprotein leads to specific cleavage of the peptide bond at Glu-208 ( Fig. 1 ) followed by degradation of domain I (14) . Addition of either GDP or GTP to the nucleotide-free EF-Tu protects against cleavage at Glu-208. In order to verify the cleavage site, the N-terminus of domain TT/ TTT was sequenced.
The sequence Tyr-Ile-Pro-Thr-Pro-Val-Arg corresponds to the amino acid residues 209-215 in the T.themwphilus EF-Tu (10).
The apparent molecular weight of the domain II/TH of 24.6 kD, as determined by SDS-PAGE, correlates well with die molecular weight calculated from the sequence (22.4 kD). We found a strongly reduced apparent molecular weight of 8.1 kD by gel permeation chromatography on TSK G3000SW column. This is probably due to the tight structure and a reduced stoke's radius of the domain n/III. T.thermophilus EF-Tu contains two tryptophan residues, both located near the C-terminus of domain I. In agreement with the sequence, the UV-spectrum of the isolated domain II/III did not have a UV-absorbance typical for tryptophan residues.
The isoelectric point of domain II/TH is 7.3, whereas the whole EF-Tu has a pi of 5.5.
Thermal stability of domain
The isolated domain n/III is to high extent resistant against cleavage with trypsin. Only one peptide bond can be cleaved, namely the Lys 275/Thr 276 ( Fig. 1 ). This stability of the domain n/III against tryptic degradation reflects its compact structure. The accessibility of die Lys 275/Thr 276 peptide bond to trypsin is the same in the isolated domain n/ffl and intact EF-Tu (Fig.2 ). This reflects a very similar conformation of domain n/m in isolated form and as a part of die intact molecule. CD spectroscopy showed that cleavage of domain n/HI at Lys 275 only slightly perturbs the overall domain structure of EF-Tu (data not shown).
Temperature-dependent precipitation was followed in order to determine the thermostability of EF-Tu and domain Il/m (Fig.3. ) For E.coli EF-Tu GDP a middle temperature for denaturation was 58.5 °C. The nucleotide-free EF-Tu from T.thermophilus was more stable, widi a middle denaturation temperature of 71.5 °C. The stability of native T.thermophilus EF-Tu could be substantially increased in the presence of GDP. After incubation of T. thermophilus domain n/m for 5 min at 90 °C we still found a residual amount of 20% soluble protein. This can be explained by formation of a stable aggregate of domain n/m at higher temperatures. The stability of domain n/m is remarkable for a truncated protein. It is therefore possible that die domain n/m also has a stabilizing effect in die native EF-Tu.
Structural elements of the domain
It is known from the X-ray diffraction analysis of trypsin-treated EF-Tu from E.coli that domain I consists of alternating /3-strands and a-helices (3,4). Nyborg and LaCour (19) proposed a model for the diree dimensional structure of die entire E.coli EFTu-GDP (Fig.l) , which contains three distinct a-helices in domain I, one in the hinge region between domain I and U and two in domain II. Peptide bond (Lys-275) sensitive to trypsin cleavage is according to this model. We tested the helix content of the isolated domain U/JH using CD spectroscopy and compared it with the intact EF-Tu • GDP complex (Fig.4) . The CD-spectrum of the uncleaved protein 
thermophilus EF-Tu apoprotein (-O -), T.thermophilus EF-Tu GDP (-•-), T.thermophilus domain II/I1I (-• -) or E.coli EF-TuGDP (-•-)
, respectively, in 50mM borate, pH 7.5, 50 mM KC1 and 10 mM MgCI 2 was incubated for 5 min at the given temperature, centrifuged and soluble protein in the supernatants was determined by SDS-PAGE, Coomassie Blue staining and scanning with a Laser Densitometer Model Ultroscan XL (LKB, Bromma, Sweden). The amount of the residual soluble protein is plotted against the incubation temperature.
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shows negative bands in the region between 225 and 207 nm. According to the algorithm developed by Siegel et al. (20) for the analysis of the a-helices in proteins by CD-spectroscopy, the spectrum of the native T. thermophilus EF-Tu corresponds to an a-helical content of 18±5%. The isolated domain II/III exhibits only a very weak negative CD signal around 220 nm (Fig.4) This shows that there are no a-helices present in the isolated domain Il/m (20) and is in accordance with the very recent report of Clark et al., where a modified model for E.coli EF-Tu GDP complex is proposed (21) . The shape of the CD spectrum rules out a denatured random structure of the isolated domain n/m in solution. The distinct positive CD band around 204 nm could originate from the contribution of reverse /3-turns, which can dominate the CD spectra in the absence of a-helical structure (22) . The large amount of/3-turns or other non repetitive structure in domain WU1 could be the reason for its high degree of flexibility as seen in the X-ray diffraction studies with EFTu GDP from E.coli. It is difficult to estimate the amount of /3-strands in domain n/ni as their contribution to the CD-signal is very weak and dependent on the strand geometry and orientation.
Isolated Domain n/m does not bind GTP, GDP and aminoacyl-tRNA
As can be demonstrated by a nitrocellulose filter-binding assay, domain Il/m does not bind GTP or GDP (data not shown).
Interaction of aminoacyl-tRNA with EF-Tu-GTP can be measured by hydrolysis-protection assays (23), an RNase protection assay (24) , or spectrophotometrically using fluorescence-labeled aminoacyl-tRNAs (25, 26) . No detectable interaction of [AEDANSs^JTyr-tRNA 7^ with domain n/m was detected by the fluorescence assay ( Table 1 ). The lack of this interaction near the CCA terminus of tRNA could be related Table 1 C]Tyr-tRNA Tyr originated from yeast; Phe-tRNA"* was isolated from T.thermophilus and was aminoacylated with phenylalanine (1520 pmoles/ A 26 o unit) using Phe-tRNA synthetase from E.coli (38) . b The dissociation constants were determined by a fluorescence titration assay (26) . either to the absence of domain I mediated conformation of domain n/HI, since the nucleotide binding site is missing, or alternatively to the absence of the necessary tRNA-binding motifs located on domain I. Although domain I is believed to contain some binding elements for the aminoacylated CCA-terminus of tRNA (27, 28, 29) , the isolated GTP/GDP binding domain I of E.coli EF-Tu does not form complexes with aminoacyl-tRNA (7). Residues Lys-208 and Lys-237, which reacted with the terminal adenosine 76 of tRNA (30) , correspond to Lys-219 and Lys-248 in T.thermophilus EF-Tu. These residues are located in domain II. With the fluorescence titration experiment (Table  1) we, however, could not demonstrate a proximity of the tRNA 3'-terminus with domain n/m.
The interaction of aminoacyl-tRNA with a nucleotide-free T. thermophilus EF-Tu was tested by a spectroscopic assay using a fluorescent reporter molecule.fAEDANSs^Tyr-tRNA 7( 26). As shown in Table 1 the removal of GTP from intact EFTu does not prevent the binding of aminoacyl-tRNA. The dissociation constant for nucleotide-free factor is only slightly higher than that for EF-Tu GTP. This suggests that the lack of interaction of isolated domain n/IH with aminoacyl-tRNA is due to the absence of a long-range effect by which domain I, even in the nucleotide-free form, codetermines the structure of domain n/in. Experimental evidence with EF-Tu mutants (8) or protease cleavage of EF-Tu (14) support this interpretation. Mutations of residues 222 or 375 in domain n/m alter the GTPase activity of domain I. Vice-versa, nucleotide binding in domain I has an influence on the protease cleavage pattern in domains n/ni (14) . Thus, the binding of aminoacyl-tRNA to EF-Tu requires both the GTP/GDP-binding domain I for triggering the GTP-dependent conformation of the whole polypeptide as well as domain n/IH for binding the tRNA body itself. This situation may be similar to the recendy determined structure of E. coli glutaminyl-tRNA synthetase complexed with tRNA Gln (31) . Here the a-helical rich domain of the synthetase interacts with the CCA end of the tRNA, glutamine and ATP, whereas the other two domains, rich in /3-structures, bind to the polynucleotide chain of other tRNA regions.
Isolated domain n/m binds to EF-Ts EF-Tu interacts with the nucleotide exchange factor EF-Ts in its functional cycle. This factor resembles the function of a receptor molecule in the case of G-proteins. Binding of the receptor increases the rate of the GDP dissociation from Gproteins (32, 33) . This binding event therefore influences the structure of the domain to which the nucleotide is bound. It can be demonstrated by polyacrylamide gel electrophoresis that T. thermophilus EF-Ts forms a complex with the isolated domain n/IU (Fig.5.) . It is known that the intact T.thermophilus EF-Tu forms a very stable complex with EF-Ts (34). We were also able to isolate this complex by gel permeation chromatography (not shown). This was, however, impossible in the case of the domain n/ni-EF-Ts complex, indicating that the stabilizing effect of domain I is necessary for the tight interaction of EF-Ts with EFTu. The binding of EF-Ts onto domain n/HI is in agreement with the proposed EF-Ts binding site located in domain ID (35) and with the observation that EF-Ts has no significant functional effect on the isolated domain I of E.coli EF-Tu (7). The EF-Tsbinding ability of the domain n/m (Fig.5) indicates that the receptor binding function of EF-Tu is probably localized here. This interpretation is in agreement with the investigations of Hingorani and Ho (36) . These authors postulated that the receptor binding site of the G-protein, transducin, is also located in its C-terminal domain. The above described experiments demonstrate that, in the case of a thermostable EF-Tu, the peptide carying the receptor binding function can be separated from the nucleotide binding domain.
